Since starch is a significant part of human diet, its oral detection would be highly beneficial. This study was designed to determine whether starch or its degradation products can be tasted and what factors influence its perception. Subjects were asked 1) to taste 8% raw and cooked starch samples for 5, 15, and 35 s and rate perceived intensities of sweetness and "other" taste (i.e., other than sweet), 2) to donate saliva to obtain salivary flow rate (mg/s) and salivary α-amylase activity (per mg saliva), and 3) to fill out a carbohydrate consumption survey. Subsequently, in vitro hydrolysis of starch was performed; saliva was collected from 5 subjects with low and high amylase activities and reacted with 8% raw and cooked starch at 2, 15, and 30 s. Hydrolysis products were then quantified using a High performance liquid chromatography. The results showed cooking increased the digestibility of starch such that the amount of hydrolysis products increased with reaction time. However, cooking did not influence taste ratings, nor were they influenced by tasting time. Subjects' salivary amylase activities were associated with the efficacy of their saliva to degrade starch, in particular cooked starch, and thus the amount of maltooligosaccharide products generated. Effective α-amylase activity [i.e. α-amylase activity (per mg saliva) × salivary flow rate (mg/s)] and carbohydrate consumption score (i.e. consumption frequency × number of servings) were also independently associated with sensory taste ratings. Human perception of starch is undoubtedly complex as shown in this study; the data herein point to the potential roles of salivary α-amylase activity and carbohydrate consumption in the perception of cooked starch.
Introduction
Carbohydrates are the most abundant and diverse class of organic compounds occurring in nature (Izydorczyk 2005) . Even considering only those readily utilized and metabolized in human body, carbohydrates encompass a wide range of molecules and can be classified into 3 groups: mono-and disaccharides (low molecular weight), oligosaccharides (intermediate molecular weight) and polysaccharides (high molecular weight). Although all 3 classes of saccharides are present in natural food products (i.e. fruits, vegetables, edible roots, and grains), research on human gustatory responses to carbohydrates has focused almost exclusively on mono-and disaccharides (i.e. simple sugars). It is perhaps due to the long standing assumption that simple sugars are the only class of carbohydrates that humans can taste (Jacobs 1962; Feigin et al. 1987; Ramirez 1991a) .
In contrast, there has been considerable amount of research on animals' gustatory responses to complex carbohydrates. Studies have shown that rodents (Sclafani 1987) and some non-human primates (Laska et al. 2001) can taste starch-derived glucose oligomer/ polymer mixtures (e.g. maltodextrin, polycose). More recently, our lab demonstrated that human subjects can perceive maltodextrins, commercially available mixed glucose oligomer/polymer preparations, in the absence of olfactory cues (Lapis et al. 2014) . In that study, it was shown that responsiveness to maltodextrin samples were highly correlated with one another but not necessarily with glucose and sucrose, whereas the responsiveness to glucose and sucrose were significantly correlated. These findings suggest that humans can sense glucose oligomers and/or polymers and that such responsiveness is independent of that for simple sugars. In order to better understand the target substrates that humans can taste, we recently developed an approach to decrease the degree of polymerization (DP) heterogeneity of maltodextin preparations and the samples with average DP 7, DP 14, and DP 44 were produced (Balto et al. 2016) . A psychophysical study revealed that human subjects could discriminate glucose oligomers (i.e. average DP 7 and 14) from water blanks in the absence of olfactory and textural cues while salivary α-amylase was inhibited. The same subjects, however, could not discriminate glucose polymers (i.e. average DP 44) under the same condition . A focus group included in the study described the taste quality of glucose oligomers as "starchy," like root vegetables, corn, bread, and pasta, not sweet .
Starches account for 60-70% of all calories consumed by humans in modern environment (Robyt 2008) . Starch can be found in various botanical sources such as cereals and root vegetables. It consists of 2 types of glucose polymers; amylose, about 1000 glucose units linked by linear α-1,4 glucosidic linkages, and amylopectin, an average of ~100 000 glucose units linked predominantly by linear α-1, 4 glucosidic linkages along with branched α-1,6 glucosidic linkages (Wang et al. 1998; Robyt 2008) . Taste perception of starch was thought to be unlikely, since starch is stored in plants as water insoluble granules, which are not expected to interact with taste receptors (Birch 1987; Ramirez 1991a; Wang et al. 1998) . However, when aqueous starch suspensions are heated at or above their gelatinization temperature (i.e. 61-99°C depending on the botanical source) (Biliaderis et al. 1980; Robyt 2008) , the starch granules swell, lose their crystalline character, and starch molecules begin to leach into solution (Robyt 2008) . Solubilized starch is still likely to be too bulky to be the ligand for a taste receptor (Birch 1987; Ramirez 1991a) , but the concurrent actions of mastication and enzymatic hydrolysis during oral digestion provides a degradation environment that generates lower molecular weight glucose oligomers. Salivary α-amylase, an endo-acting enzyme, specifically catalyzes the hydrolysis of α-1,4 glucosidic linkages in the interior of the polymeric starch chains to produce shorter chain saccharides including maltose, maltotriose, and larger glucose oligomers (Robyt and French 1970; Jacobsen et al. 1972; Robyt 2008) .
Various factors affect rates of starch saccharification. Acidic environments (e.g. acidic drinks) slow starch hydrolysis because they retard salivary amylase activity (Hanson et al. 2012a (Hanson et al. , 2012b . On the other hand, cooking has been shown to increase the rate of oral starch hydrolysis due to gelatinization and solubilization, both of which make the starch more enzyme accessible (Snow and O'Dea 1981) . In addition, it was shown that starch breakdown occurred within a short tasting time period (e.g. 10-20 s) and as the reaction time increased, the extent of starch hydrolysis increased (Snow and O'Dea 1981; de Wijk et al. 2004; Ferry et al. 2004; Hanson et al. 2012a Hanson et al. 2012b . Genetic variation and diet also appear to relate to individual salivary α-amylase activities. Copy number of the salivary α-amylase gene (i.e. AMY1) was found to be positively correlated both with salivary α-amylase protein levels (Mandel et al. 2010 ) and with diets high in starch (Perry et al. 2007) . Individuals with high salivary amylase levels were found to hydrolyze starch solutions faster and more significantly than those with low salivary amylase levels based on time-intensity ratings of viscosity, which track the digestion of starch during oral manipulation (Mandel et al. 2010) . These studies provide insights into the initial digestion of starch in the oral cavity (Hoebler et al. 1998; de Wijk et al. 2004; Ferry et al. 2004; Hanson et al. 2012b ) and the associated perceptual changes of oral viscosity or thickness of foods (de Wijk et al. 2004; Mandel et al. 2010) . However, previous studies have not examined the effects of salivary amylase and related factors on taste perception of starch.
The current study was thus designed to investigate taste perception of starch and the factors that influence its perception. The factors considered were method of sample preparation (i.e. cooking), length of tasting time, individual differences in salivary α-amylase activities and extents of complex carbohydrate consumption. Extra oral digestion of starch was also investigated through an in vitro salivary α-amylase hydrolysis. It was hypothesized 1) that starch itself cannot be tasted because of its insolubility and bulky structure; 2) that cooking would gelatinize/solubilize starch making it more susceptible to salivary α-amylase and hence leading to the concomitant production of starch hydrolysis products; 3) that levels of salivary α-amylase activity influence oral digestion and hence the taste perception of starch; and 4) that the amount of daily carbohydrate intake correlates with one's ability to perceive starch.
Materials and methods
Part I: taste perception of starch Subjects A total of 60 subjects (40 F, 20 M) between 18 and 44 years of age (mean = 23 years old) were recruited from the Oregon State University campus and surrounding area. Individuals who were interested in participating in a taste perception study were asked to fill out a screening questionnaire, which consists of questions about general health. Subject inclusion criteria were individuals who are: 1) nonsmokers; 2) not pregnant; 3) not diabetic; 4) not taking any prescription medication; 5) free from taste deficit or other oral disorders; and 6) without a history of food allergy. Respondents who met all of the above criteria were invited to participate in the study. In order to prevent deviation from normal α-amylase activity, subjects were asked to comply with the following restrictions prior to their test sessions: 1) no dental work within 48 h; 2) no alcohol consumption within 12 h; 3) no consumption of foods and beverages that are acidic or caffeinated, and/or contain dairy within 4 h; 4) no consumption of food or beverage of any kind except water within 1 h; 5) no use of any menthol-containing products (e.g. toothpaste, mouthwash, chewing gums) within 1 h; and 6) no physically demanding activity on the morning of their scheduled sessions (Chatterton et al. 1996; Rohleder and Nater 2009 ). The experimental protocol was approved by the Oregon State University Institutional Review Board and complies with the Declaration of Helsinki for Medical Research. Subjects gave written informed consent and were paid to participate.
Stimuli
A total of 3 test stimuli, prepared as aqueous solutions (% w/v), were used in the experiment: 6% glucose (Sigma-Aldrich) and 8% raw and cooked corn starch samples (73% amylopectin, 27% amylose; S4126 Sigma-Aldrich). Aqueous solutions of 8% glucose and 8% raw and cooked starch were also used as practice stimuli. The cooked starch sample was prepared by heating a starch suspension on a temperature-controlled magnetic stir plate at 90°C for 20 min with continuous stirring using a magnetic stir bar. The concentration of starch was chosen to use the maximum possible amount that can be incorporated into the solution without incurring difficulty while stirring the starch samples. Concentrations higher than 8% rendered the starch too viscous while cooking and too pasty upon cooling. Glucose solution, a relatively non-viscogenic stimulus, was included as a taste control and its concentration (6%) was determined during pilot tests. The concentration was chosen because it elicits a weak sweet sensation that can be clearly differentiated from the taste of starch. Glucose solution was prepared at least 12 h before the test session to allow for complete mutarotation of glucose tautomers (Pangborn and Gee 1961) and was stored at 4−6°C. Raw and cooked starch samples were prepared fresh daily. All stimuli were prepared with deionized water and were allowed to come to room temperature (21-23°C) before being provided to the subjects.
Experimental protocol
Each subject participated in one experimental session, which was divided into 3 parts: psychophysical study, saliva collection, and completion of survey. Since salivary α-amylase levels usually follow a diurnal pattern (Nater et al. 2007 ), all subjects were tested in the morning, from 9 to 11 AM. The testing was conducted on a one-onone basis in a psychophysics laboratory.
Psychophysical procedure
Data were collected using the general version of the Labeled Magnitude Scale (gLMS) (Green et al. 1993 (Green et al. , 1996 Bartoshuk et al. 2003) . The gLMS was chosen to capture perceived intensities of the samples along with their corresponding semantic labels and also to make valid comparisons across individuals and groups. Prior to psychophysics data collection, subjects were verbally instructed on how to use the general version of the Labeled Magnitude Scale (gLMS). The scale was displayed on a computer monitor and subjects used a mouse to move a cursor along the scale to make their ratings. After the experimenter explained the unique structure of the scale in detail, the subjects rated a list of 15 remembered or imagined sensations (e.g. the sweetness of cotton candy, the heat of drinking boiling hot tea, the weight of a feather in the hand) to practice using the gLMS in the broad context of sensations encountered in everyday life.
In order for the subjects to become acquainted with the task to be performed and the different types of stimuli, subjects were given practice ratings before proceeding to actual taste intensity ratings. During practice, taste quality descriptors were first generated from each subject. Subjects were instructed to actively taste 1 mL of practice stimuli (8% raw and cooked starch, 8% glucose) by making gentle smacking motions between the tongue and the roof of the mouth for 15 s, expectorate and describe the taste qualities perceived from the stimuli. Active tasting was encouraged to allow for more efficient incorporation of saliva into the stimuli and also to mimic a more natural eating condition. To eliminate any olfactory input from the test stimuli, subjects were asked to wear nose clips when tasting the stimuli, which were found to be effective in rendering odorous compounds odorless (Hettinger et al. 1990 ). Since subjects wore nose clips, which posed difficulty in breathing they were told to breathe by inhaling and exhaling while they open their mouths halfway (after 7 s) during the tasting period. They were not allowed to remove the nose clips until after they had provided taste quality descriptors and also were prompted to breathe at the 7-s time point. Once quality descriptors were obtained, subjects were asked to rate the perceived intensities of sweetness and "other" taste after actively tasting 1 mL of 8% cooked starch for 15 s. "Other" taste was defined as any taste quality other than sweetness, which included the quality descriptors that the subject described for starch (e.g., "cracker-", "flour-", "rice-", "tapioca-", and "starchy"). In the rare case that subjects could not provide specific descriptors, they were told that "other" taste can include qualities such as "bread-", "cracker-", "cereal-", or "rice-like". After indicating their ratings, subjects were also asked to notice the changes in the texture of test samples and verbally describe mouthfeel (e.g. gel-, pudding-like, thick) perceived from the stimuli. This encouraged the subjects to recognize the possible changes of test samples (e.g. from thick to thin in the case of cooked starch) and to consider mouthfeel separately from taste and thus to help prevent dumping of mouthfeel into taste ratings (Lawless and Clark 1992; Clark and Lawless 1994) .
Once the training was completed, the actual testing proceeded following the tasting procedure mentioned above. During the actual test, subjects tasted the test stimuli for 3 different time periods: 5, 15, and 35 s while wearing nose clips. Since the nose clips made breathing impossible through the nose, subjects were asked to breathe through their mouth once during the 15-s tasting time period (after 7 s) and 3 times during the 35-s tasting time period (after 9, 18, and 27 s). Again, subjects were prompted to breath at the designated time points. Each time period served as a tasting block. The orders of tasting block and stimuli presentation within each tasting block were randomized and counter-balanced across subjects. A 3-min break was provided between each tasting block. All samples were directly put in the subjects' mouth one by one by the experimenter using mini spoons. This was done to avoid spills and to ensure convenient and consistent delivery of the stimuli into the subjects' mouths. Subjects rinsed at least 3 times with 37°C deionized water during a 1-min inter-stimuli interval.
Saliva collection
Whole, stimulated saliva was collected from each subject. Subjects were asked to chew on a 3-cm plastic drinking straw to the beat of a metronome (80 beats/min) for 60 s and then expectorate their saliva into pre-weighed polypropylene tubes. This protocol is intended to provide an estimate of saliva production rates amongst individuals, although it is recognized that this method of stimulating saliva flow is not directly equivalent to the lip smacking used during perception testing. It is also recognized that salivary amylase activities per mg saliva may not be constant throughout saliva flow (Schneyer and Schneyer 1960) and thus the reported amylase activity values for which total saliva produced was taken into account must be considered to be correlates of the average amounts of amylase activity per mg saliva. The tubes were weighed after the saliva collection to calculate the rate of salivary flow (mg/s). Saliva samples were stored at 4-6°C until assayed for salivary amylase activity, which was conducted in the afternoon of the same day. The salivary α-amylase assay was conducted following the procedure described in Lapis et al. (2014) . The colorimetric assay is based on the enzyme-catalyzed liberation of soluble, colored starch fragments from an insoluble, dye-labeled, cross-linked starch substrate. The assay contained a standardized amount of CaCl 2 to eliminate effects due to variation in the concentration of these ions. One salivary α-amylase activity unit (SAU) was defined as amount of saliva that changes the absorbance of the test solution by one absorbance unit during the 15 min reaction at 37°C and pH 7. Effective α-amylase activities (SAU/s) were computed by taking the product of the salivary flow rate (mg/s) and the corresponding SAU per mg saliva.
Survey for carbohydrate consumption
Subjects were asked to fill out a questionnaire in order to estimate the amount of carbohydrate-rich food consumed at a given time period. The questionnaire resembled the Block 2005 Food Frequency Questionnaire (NutritionQuest), but included only 22 carbohydraterich food items (e.g. bagel, bread, crackers, pasta, potato, rice, etc.). For each food item, an approximate serving size (e.g. 1/2 bagel, 1 slice of bread, 1/2 cup cooked pasta) was also provided. The common serving sizes were adapted from web-based sources [United States Department of Health and Human Services (US Department of Health and Human Services)] as well as nutritional labels. Subjects indicated the average number of servings (e.g. 1, 2, 3) and the frequency of their consumption (i.e. everyday, 6, 5, 4, 3, 2, 1, 0 times of the food items per week). Carbohydrate consumption scores were calculated by multiplying the number of servings by frequency of consumption.
Subject screening
Once data collection was completed, the taste intensity ratings from each subject were examined. Not all subjects were able to detect the taste sensation of the given samples. Therefore, data from those subjects who rated the "other" taste of the starch samples above "barely detectable" were included in the actual data analysis (N = 35; 12 M, 23 F). Note that 1 of the 35 subjects did not complete the carbohydrate consumption survey; the results for the carbohydrate consumption score include data from 34 subjects (11 M, 23 F).
Data analysis
Data from taste intensity ratings were log transformed prior to statistical analysis since responses on the gLMS tend to be log-normally distributed across subjects (Green et al. 1993 (Green et al. , 1996 . Repeated-measures analysis of variance (ANOVA) and Tukey's honestly significant difference (HSD) tests were performed to determine the effect of tasting time and sample preparation method. The t-test for independent samples was performed to determine if there were significant differences in intensity ratings of the stimuli between individuals with low and high effective α-amylase activity and carbohydrate consumption scores. The statistical significance criterion was set at P < 0.05. All statistical analyses were performed using Statistica 12 (StatSoft Inc., Tulsa, OK).
Part II: in vitro hydrolysis of starch Subjects A total of 5 subjects (2 F, 3 M) between 20 and 30 years of age (mean = 25) participated in the study. These subjects were invited back to participate based on their relative α-amylase activities measured in the first experiment. Two subjects had high α-amylase activity while 3 had low activity. Inclusion/exclusion criteria and constraints for the subjects were the same as Part I. The experimental protocol was approved by the Oregon State University Institutional Review Board and complies with the Declaration of Helsinki for Medical Research. Subjects gave written informed consent and were paid to participate.
Stimuli
A total of 2 stimuli, prepared as aqueous solutions, were used in the experiment: 8% raw and 8% cooked corn starch (S4126, SigmaAldrich). Stimuli were prepared in the same manner as described in the first experiment.
Experimental protocol Saliva collection
All subjects came in at 9 AM and donated whole, stimulated saliva following the protocol described in Part I. To ensure that each subject's activity was within the expected low and high range as determined in the first experiment, the saliva samples were assayed for α-amylase activity.
In vitro hydrolysis of starch
On the same day, the saliva samples and starch stimuli were separately placed in a water bath at 37°C for at least 30 min. One mL of the starch stimuli was pipetted into screw-capped glass tubes, which contain 1 mL of 8 mg/mL myo-inositol (Sigma-Aldrich) as an internal standard for HPLC analyses. Saliva, 0.75 mL, was reacted with the starch stimuli for 2, 15, and 30 s at 37°C. The volume of the saliva used was the mean amount of residual saliva found to remain in the oral cavity after swallowing (i.e. resting saliva) (Lagerlöf and Dawes 1984) . A constant volume of saliva was used such that differences in the amounts of hydrolysis products could be attributed to differences in α-amylase activities per mg saliva. Saliva and stimuli were incubated for the specified times prior to terminating the reaction by the addition of 5.25 mL boiling deionized water. The tubes were immediately vortexed for 2 s and immersed in a boiling water bath for an additional 15 min with occasional vortexing. Note that termination of salivary amylase reactions at the point of addition of boiling water was verified in experiments in which no increase in product concentration was observed following the addition of boiling water; in these experiments product concentration was monitored immediately following the addition of boiling water through subsequent incubation in the boiling water bath. The sample solutions were then filtered using a Whatman® 1 filter paper through a Buchner funnel and then again through a 3-kDa centrifugal filter (Amicon Ultra, EMD Millipore) for 1 h to remove biological compounds (i.e. proteins from saliva) that could interfere with the performance of the HPLC column. The resulting filtrate was diluted 2-fold with deionized water (i.e. 16-fold final dilution) prior to HPLC analysis. Control samples (i.e. 2 starch stimuli added with buffer instead of saliva) were included in all reactions and underwent the same conditions as the stimuli.
High performance liquid chromatography (HPLC)
The amounts of simple sugars (i.e., DP 1-2) and maltooligosaccharides (MOSs) DP 3-8 produced through salivary a-amylase hydrolysis were quantified using a Shimadzu Prominence UFLC HPLC system (Kyoto, Japan) and an evaporative light scattering detector (ELSD-LT II). DP 1-8 were the only saccharides that were analyzed since there are no commercially available standards for DP 9+. MOS were analyzed by injecting 20 µL of the hydrolysatecontaining samples into the HPLC system where they were eluted at 0.2 mL/min at 80°C using deionized water as the mobile phase and Ag 2+ polystyrene ion-exchange guard and analytical columns (Supelcogel) as the stationary phase. The simple sugar and MOS concentrations were calculated from an internal standard curve generated from 5 levels of DP 1-8 (0.1, 0.3, 0.5, 0.7, 0.9 mg/mL) with myo-inositol (0.5 mg/mL) as the internal standard. DP 1 and 2 (i.e. glucose and maltose) were procured from Sigma-Aldrich while DP 3-8 (i.e. maltotriose, maltotetraose, maltopentaose, maltohexaose, maltoheptaose, maltooctaose) were procured from Carbosynth. Results are thus based on quantification of MOS corresponding to the retention times of these linear MOS standards. It should be kept in mind that salivary amylase digestion of starch is expected to yield both linear and branched maltooligosaccharides. All peaks were integrated by the LCsolution computer software (Shimadzu).
Results

Taste perception of starch
Repeated measures ANOVA performed on the log perceived sweetness and "other" taste intensity ratings for the test stimuli showed significant effect of stimulus (F 2, 68 = 220.6, P < 0.05; F 2, 68 = 37.8, P < 0.05, respectively) (see Figure 1 ). Tukey's HSD test revealed that the significant effect of stimulus on sweetness ratings was derived from higher mean rating for glucose compared to raw and cooked starch samples ( Figure 1A) . Conversely, the significant effect of stimulus on "other" taste ratings resulted from lower mean ratings for glucose compared to raw and cooked starch samples ( Figure 1B) . On the other hand, no significant effect of tasting time was observed on the mean perceived sweet and "other" taste intensity ratings (F 2, 68 = 0.06, P > 0.05; F 2, 68 = 0.06, P > 0.05, respectively).
The role of salivary α-amylase in the taste perception of starch Similar to what was observed in our previous study (Lapis et al. 2014) , subjects' salivary α-amylase activity per mg saliva (SAU/mg saliva) and salivary flow rate (mg saliva/s) showed no correlation. Hence, effective α-amylase activities (SAU/s) were calculated by multiplying α-amylase activity and salivary flow rate. The subjects were then divided into 2 groups based on effective α-amylase activity. The bottom and top 50% of the subjects were categorized as "low" and "high" groups, respectively. Results of independent t-tests showed that the "high" group had significantly higher mean effective α-amylase activity than the low groups (t = 3.55, P < 0.05; see Table 1 ).
The effect of salivary α-amylase rate of production on the taste responsiveness to starch samples was tested. Since no significant main effect of tasting time effect was observed, the taste intensity ratings were combined across the different time periods to simplify data analysis and presentation. Figure 2 shows the mean log "other" taste intensities for glucose, raw starch, and cooked starch. Results showed that the high amylase group had significantly higher "other" intensity ratings than the low group for cooked starch (t = 3.02, P < 0.05) but not for glucose (t = 0.48, P > 0.05) and raw starch (t = 0.61, P > 0.05).
The role of carbohydrate intake in the taste perception of starch Individual carbohydrate consumption scores were calculated by multiplying the amount by the frequency of consumption of carbohydrate-rich foods listed in the survey provided to the subjects. The subjects were then divided into 2 groups based on their carbohydrate consumption scores (i.e. bottom and top 50% of the subjects corresponded to low and high groups, respectively). The subjects consisted of a total of N = 34 and thus had N = 17 each for low and high groups. Results of independent t-tests showed that the high groups had significantly higher mean carbohydrate consumption scores than the low groups (t = 6.43, P < 0.05; Table 1 ). Note that this grouping was performed independent of the grouping for α-amylase activity. Importantly, the subjects' carbohydrate consumption scores and their effective α-amylase activities were not significantly correlated (r = 0.13, P = 0.44).
When the role of carbohydrate intake on "other" taste responsiveness of subjects was determined (Figure 3) , it was found that subjects with high carbohydrate consumption score showed significantly higher taste intensity ratings for cooked starch than those with low scores (t = 2.71, P < 0.05), but not for glucose (t = 1.31, P > 0.05) and raw starch (t = 0.24, P > 0.05). Mean perceived sweetness and "other" taste intensities of test stimuli at 5, 15, and 35 s tasting times (n = 35). "Other" taste was described by subjects as "cracker-" , "flour-" , "rice-" , "tapioca-" , and "starch-like" . Vertical bars represent the standard errors of the means (SEMs). Letters on the right y-axis represent the semantic labels of the gLMS: BD, barely detectable; M, moderate; W, weak. a Groupings were made independently for each factor based on bottom and top 50% for low and high group, respectively. Subjects who belong to low group for effective α-amylase activity do not necessarily belong to low group for carbohydrate consumption score. Total n = 35; n = 17 for low group, n = 18 for high group. Total n = 34; n = 17 for low group, n = 17 for high group. *P < 0.05, independent t-test. Table 2 shows the amount of hydrolysis products (mg/mL) produced through in vitro salivary α-amylase hydrolysis of raw and cooked starch samples at 3 different reaction times. No DP 1 (i.e. glucose) was produced from both starch samples at all reaction time points similar to data found in the literature (Whelan and Roberts 1953; Parrish et al. 1970; Robyt and French 1970) . Repeated measures ANOVA performed on total DP 2-8 showed significant effect of cooking (F 1, 4 = 18.0, P < 0.05) and reaction time (F 2, 8 = 11.0, P < 0.05) but not their interaction (F 2, 8 = 4.1, P > 0.05). Cooked starch had significantly higher amount of total DP 2-8 than raw starch at all 3 reaction times tested (Table 2, see total DP 2-8 across time points, P < 0.05). Results also indicated that raw and cooked starches were hydrolyzed even at 2 s as shown by the presence of DP 2-8 at this reaction time. In raw starch, amounts of total DP 2-8 showed an increasing trend with increasing reaction time, although the differences were not significant (P > 0.05). In cooked starch, amounts of total DP 2-8 increased with increasing reaction time with those at 30 s being significantly higher than at 2 s (P < 0.05), but not necessarily at 15 s. Digestion of the raw starch likely corresponds to saccharification of the relatively small amorphous fraction of the starch that is generated during processing. The amounts of individual saccharides produced from the hydrolysis were also examined. Results showed that there was a significant effect of cooking (P < 0.05) on DP 5, 6, 7, and 8 but not reaction time (P > 0.05). On the other hand, cooking had a significant effect on DP 3 and 4 only when reacted at 30 s (P < 0.05). Meanwhile, no significant effect of cooking and reaction time was observed on DP 2 (P > 0.05). Further, it seemed that over time, shorter chain saccharides (i.e. DP 2 and 3) were produced more than the longer chain saccharides (i.e. DP 4-8), especially in cooked starch. This is due to the fact that DP 2 and 3 are the hydrolysis end products and thus their products are built up over time, while DP 4-8 are on a steady state (i.e. they are broken down as they are utilized as substrates for α-amylase). Note that raw and cooked starch samples that were not reacted with saliva were also tested as control samples and no DP 1-8 were found (data not shown).
Effects of cooking and reaction time on in vitro hydrolysis of starch
The effect of different levels of salivary α-amylase activity on the in vitro hydrolysis of starch To determine the role of different levels of salivary α-amylase on the in vitro hydrolysis of starch, the subjects (n = 5) were grouped according to their α-amylase activity. Three subjects belonged to the low group (mean ± SE α-amylase activity unit: 4.0 ± 0.4 SAU/mg saliva) while 2 belonged to high group (mean ± SE α-amylase activity unit: 24.1 ± 3.0 SAU/mg saliva). The mean total DP 2-8 (mg/mL) were then calculated and compared between subjects with low and high α-amylase activities (i.e. SAU per mg saliva) (Figure 4 ). Results showed a trend for higher mean total DP 2-8 produced from raw starch at 2, 15, and 30 s by subjects with high α-amylase activity than with low activity, although the difference was not significant (P > 0.05). As noted previously, the digestibility of the raw starch preparation likely reflects that this preparation has a small, but significant, amount of amorphous character. Results also showed that subjects with high α-amylase activity produced significantly higher mean total DP 2-8 from cooked starch at 15 and 30 s (F 2, 8 = 11.0, P < 0.05) than with low activity but not at 2 s (F 2, 8 = 11.0, P > 0.05). The mean total DP 2-8 from cooked starch from subjects with low α-amylase activity accounted for 15.5, 17.3, and 20.0% of the starting material at 2, 15, and 30 s, respectively, while those from high α-amylase accounted for 15.5, 25.8, and 31.3%, respectively.
Discussion
Target substrates for taste perception of starch
The present data support the idea that starch can be tasted after it is actively mixed with saliva in the oral cavity. It is unlikely that starch itself is the stimulus for taste perception because of its bulky structure and insolubility (Birch 1987; Ramirez 1991a; Wang et al. 1998) . During oral digestion, salivary α-amylase rapidly hydrolyzes α-1,4 glucosidic bonds in the polymeric starch chains to produce shorter chain saccharides, including maltose, linear and branched glucose oligomers, and shorter chain glucose polymers (Robyt and French 1970; Jacobsen et al. 1972; Robyt 2008) . These salivary α-amylase hydrolysis products appear to be critical for starch perception. (We are using the term "starch perception," in this case, to indicate that starch is the consumed stimulus.) The regular corn starch, which was used in this study, consists of 27% amylose and 73% amylopectin. The raw starch stimulus likely has at least some amorphous character (i.e. non-crystalline regions having less molecular order); the percent amorphous character of the starch increases with cooking. The glucose units in the amylopectin molecule are mostly linked linearly (i.e. α-1,4 linkages) with branching (i.e. α-1,6 linkages) only occurring about 5% of the time (e.g. 50 branch linkages for every 1000 linkages) (Robyt 2008) . Also note the absence of glucose in the salivary amylase-catalyzed hydrolysis of starch, as evidenced by our in vitro digestion study (see Table 2 ). Thus, one may speculate on the target substrates that are responsible for the perception of starch.
First, it is possible that maltose contributed to the taste responsiveness to starch samples, although it is unlikely that maltose was fully responsible for the responsiveness. Current results from the in vitro digestion study showed that only 1.0-1.9 and 2.0-5.1 mg/mL of maltose were produced by α-amylase from the original concentration (80 mg/mL) of raw and cooked starches, respectively (see Table 2 ). Considering only 8% starch samples were presented to the subjects in our psychophysical study, approximately 0.1-0.2% and 0.2-0.5% of maltose might have been produced from raw and cooked starch samples, respectively. These estimated amounts are below the known detection threshold of 1.3% for maltose (American Society for Testing and Materials 1973), which suggests that without accounting for potential synergistic interaction with other saccharides, maltose by itself was not the primary source of taste responsiveness to starch samples.
A second possibility is that glucose oligomers produced via salivary α-amylase hydrolysis of starch are the terminal stimuli. The presumption that humans can taste glucose oligomers is supported by our recent data showed that in the absence of olfactory and textural cues, humans could taste 75 mM glucose oligomers with average DP 7 and 14 but not glucose polymers with average DP 44 . Note that the definition of oligomers varies across fields of study; some consider those that contain 2-10 monomer units as oligomers (Rocklin and Pohl 1983; Sclafani 1987) , while others count monomer units up to 20 as oligomers (Hughes and Johnson 1981) . Unfortunately, the full hydrolysis profile of starch beyond DP 8 as well as branched oligomers was not quantified in this study because commercial HPLC standards for DP 9+ are not available for purchase.
The values of DP 9+ estimated for raw starch are calculated by difference (total starch minus DP 1-8), thus they include insoluble, unhydrolyzed starch granules along with minor amounts of the higher DP soluble hydrolysis products. It is commonly believed that only soluble stimuli cause taste receptor mediation and therefore taste responsiveness (Birch 1987) . Based on this premise, the DP9+ fraction is not thought likely to elicit a taste response. However, a gustatory mechanism that detects insoluble raw starch has been proposed (Ramirez 1991a ). Findings showed rats were able to detect low concentrations of raw starch (i.e. 0.5%) suspended in water from several species of plants (i.e. corn, rice, wheat, and potato), while they ignored comparable concentrations of cellulose suspended in water (Ramirez 1991a ). This discrimination of insoluble starch versus insoluble cellulose may, however, be the result of limited starch hydrolysis resulting from the presence of taste cell exported amylases (Merigo et al. 2009 ); such hydrolysis would not occur for cellulose. It was found that TRPM5 knockout mice display greatly reduced starch preference, which implicates gustatory mediation of starch preference (Sclafani et al. 2007 ). These same authors showed that gustducin KO mice have disrupted preference for Polycose (a commercial maltooligosaccharide preparation) but not starch, indicating these 2 starch-based/derived stimuli have distinct sensory signaling pathways. Furthermore evidence of this is the report that conditioned aversions of rats to starch and Polycose do not cross generalize (Ramirez 1991b) .
The underlying sensory mechanism(s) of glucose oligomers perception has not been conclusively elucidated. Recent studies with mice have shown that some taste cells express α-glucosidases (e.g. amylase) and intestinal "brush border" disaccharide-hydrolyzing enzymes [e.g. maltase-glucoamylase (MGAM) and sucrase-isomaltase (SIS)] (Sukumaran et al. 2016) . A glycosidase-based mechanism, presumably dependent on hydrolysis of glucose oligomers to glucose, is supported by other data indicating selected taste cells Table 2 . Mean (± SE) levels (mg/mL) of hydrolysis products produced through in vitro α-amylase hydrolysis of 8% (w/v) raw and cooked starch at 3 different reaction times Values obtained from a total of 5 subjects; each sample was reacted with a constant volume of saliva from each subject. Sample means that have no superscripts in common within each row are significantly different from each other (Tukey's HSD, P < 0.05). DP, degree of polymerization; ND, none detected. express glucose transporters (GLUTs), sodium-glucose co-transporter 1 (SGLT1), and ATP-gated K + (K ATP ) metabolic sensors (Yee et al. 2011) . These findings suggest that gustatory tissues express components necessary for detection of glucose oligomers via conversion to glucose and subsequent cell uptake, analogous to nutrient sensing in the small intestine (Zhang et al. 2015) . Certainly, a glucose oligomer-sensing mechanism based on enzymatic hydrolysis of glucose oligomers is plausible. A second possibility to explain the taste perception of glucose oligomers is that of a novel receptorbased mechanism, as originally hypothesized to exist in rodents (Nissenbaum and Sclafani 1987) .
Role of other sensory cues in the detection of starch hydrolysis products Certainly, taste is not the only sensory cue that can be used for starch detection. It can be argued that the most notable sensory property of starch is its unique texture (Mason 2009 ), which varies greatly depending on many factors including concentration and moistureheat treatments (Conde-Petit 2003; Mason 2009 ). Starches also evoke a mild odor, potentially due to the presence of volatiles that are present in the raw materials (Robyt 2008) . To prevent olfactory and textural inputs into taste ratings, subjects were asked to wear nose clips and to describe texture qualities, respectively. Subjects described glucose as sweet, while they described the starch samples as "cracker-", "flour-", "rice-", "tapioca", and "starch-like" among others. These descriptors were consistent with recent data from a focus group study wherein subjects described the taste of glucose oligomers as "starchy" like a root vegetable, corn, bread, or pasta . There was no guarantee that every subject was able to objectively separate taste from texture, especially since the descriptors provided by subjects could also be interpreted as texture-like qualities. However, if subjects were incorporating texture with taste, it is expected that mean ratings would be much higher. In fact, the mouthfeel of the cooked starch sample is highly viscous at first (e.g. similar to a thick starch paste, thicker than pudding) then becomes thin as being tasted over time and the raw starch sample was sandy/gritty.
Effect of cooking and tasting time on the digestion and perception of starch
Results of this study showed that cooking and tasting time influenced the extent of the in vitro digestion of starch. The findings showed that cooking significantly increased the amount of hydrolysis products especially as starch is digested for a longer period of time; DP 2-8 produced from raw starch was 8.9% max compared to 24.5% max from cooked starch (computed from values in Table 2 ). In support of these findings, other studies have shown that cooking greatly increased the rate at which starch can be hydrolyzed (Snow and O'Dea 1981; Slaughter et al. 2001; Hickman et al. 2009 ). Additionally, time course studies showed increasing trend in extent of starch hydrolysis with increasing reaction times (Snow and O'Dea 1981) . Previous studies showed that the thickness of starch solution decreased by 69-90% within 10 s of saliva addition and viscosity was almost non-detectable after 60 s (Hanson et al. 2012b ). Correspondingly, time-intensity ratings of oral perception of viscosity of a starch solution showed decreasing trend over the course of 60 s (Mandel et al. 2010) . The rapidity with which lower DP MOSs were produced when starch was exposed to salivary amylase is noteworthy; 15.5% of cooked starch was converted to DP 2-8 within 2 s (computed from values in Table 2 ). Note that the profile and amounts of shorter chain saccharides generated by in vitro hydrolysis by expectorated saliva may differ from those generated by human oral digestion. For instance, oral digestion of starch may involve membrane-bound α-glycosidases (e.g. MGAM, SIS) (Sukumaran et al. 2016 ), which are not present in saliva. Nevertheless, the in vitro starch hydrolysis data demonstrate the effect of cooking and reaction time on starch hydrolysis.
Results from psychophysical study showed no differences in responsiveness across sample preparation and tasting times (Figure 1 ). This somewhat unexpected result can potentially be explained by the findings that the amounts of glucose oligomers produced by amylase hydrolysis were relatively low and further that the differences in the amounts across sample preparation and tasting times were minor. Based on our in vitro hydrolysis study, total DP 2-8 produced from 8% raw and cooked starch samples range from 0.56 to 1.96%. Such narrow range was probably not sufficient to Figure 4 . Mean sum of DP 2-8 ± standard error generated in vitro hydrolysis. 8% (w/v) (A) raw and (B) cooked starch were incubated for 2, 15, and 30 s with saliva from subjects with low (n = 3) or high (n = 2) α-amylase activity. The bars represent subject grouping. Unfilled bar: L = low; filled bar: H = high. *P < 0.05, independent t-tests between low and high groups. Vertical bars represent the standard errors of the means (SEMs). Values represent the sum of DP 2-8 presented in Table 2 after dividing subjects into L and H groups based on salivary α-amylase activity unit (SAU/mg saliva). Mean ± SE α-amylase activity unit for the groups L and H were 4.0 ± 0.4 and 24.1 ± 3.0 SAU/mg, respectively. produce a significant difference in taste responsiveness. Regardless, the concentration of starch samples used in this study was notably lower than what would be typically found in most starch-rich foods (e.g., bread, pasta, rice), which range from 13 to 87% (Englyst et al. 1983 ). This is due to experimental constraints that at a higher concentration the starch samples were very thick and thus continuous stirring during cooking became problematic. It is likely that cooking and tasting time will have an effect on taste responsiveness at the much higher concentrations of starch that are commonly found in starch-rich foods.
The cooking parameters chosen for this work are best viewed as being an example of one possible cooking scenario. The cooked starch used in this study was held above the typically recognized gelatinization temperature range for starch in excess water (~64-75°C) (Jane et al. 1999; Ratnayake and Jackson 2006) ; this treatment is consistent with an increase in granule volume and enzymatic susceptibility (Wang and Copeland 2013) . Following heating, starches were cooled to room temperature prior to subject testing; retrogradation is expected during this cooling phase (the term "retrogradation" herein refers to the reassociation of starch components disrupted as a result of heating; Wang et al. 2015) . The digestibility of gelatinized starch is expected to decrease as a result of retrogradation (Zhou and Lim 2012) . It is important to keep in mind that starch gelatinization, pasting, and retrogradation involve complex molecular events that are dependent on many factors, including the botanical source of the starch, the processing history of the starch and the composition of the food (Schirmer et al. 2015) . Thus, the values obtained for the cooked starch samples in this work may not be directly/quantitatively applicable to other cooked starches.
Effect of salivary α-amylase activity on the perception and digestion of starch
The present findings demonstrated that individual differences in the salivary α-amylase activity play a significant role in the efficiency of starch hydrolysis (Figure 4) and to some extent, in taste perception of starch (Figure 2 ). Expectorated saliva with higher α-amylase activity produced significantly more hydrolysis products from cooked (but not raw) starch, than those with low activity, especially at longer tasting times (Figure 4) . Correspondingly, subjects with high effective amylase activity had significantly higher responsiveness to cooked but not raw starch (Figure 3) . Thus, individual differences in taste responsiveness to starch can be aided by salivary α-amylase activity, which dictates the final concentration of glucose oligomers. While this study focused on the effect of salivary α-amylase on taste perception of starch, it has been shown that various α-glucosidases (e.g. amylase, MGAM, SIS) are also expressed in taste cells in mice (Sukumaran et al. 2016) . It is yet to be seen whether similar enzymes are expressed in human taste cells and if they do, what role such enzymes play in the detection of starch hydrolysis products.
Effect of carbohydrate intake on the perception of starch
The present findings suggest that an individual's level of dietary carbohydrate intake also influences the taste responsiveness of cooked but not raw starch. Results showed that those with high carbohydrate consumption scores had higher intensity ratings for cooked starch than those with low carbohydrate consumption scores (Figure 3) . The method used to collect information regarding complex carbohydrate intake was only indicative of the extent of complex carbohydrate intake per se, and does not accurately represent extent of consumption relative to other macronutrients (e.g. proteins, fats). Therefore, data could not reveal whether for example, the subjects in the high group generally eat high amounts of all kinds of foods including carbohydrates or whether they eat high amounts of carbohydrates but low amounts of other macronutrients. In the past, the differences in the level of consumption of starch-rich foods have been found to correlate with the copy number variation of salivary α-amylase gene (AMY 1) (Perry et al. 2007 ). Selected groups of people with traditionally high-starch diets (i.e. European American, Hadza, Japanese) had more AMY1 copies than those with lowstarch diets (i.e. Biaka, Datog, Mbuti, Yakut) (Perry et al. 2007 ). In the present study the subjects' carbohydrate consumption scores and their effective α-amylase activities were not significantly correlated (r = 0.13). The lack of correlation may reflect that all subjects consume a modern diet, especially since carbohydrate consumption data could not reveal whether the subjects truly had low or high starch diets relative to other macronutrients. That being said, it is unclear at the moment whether the sensitivity to glucose oligomers promotes the consumption of starch-rich foods or more frequent, high volume of starch-rich foods consumption increases the sensitivity to such foods. Further investigation on the relationship of factors influencing carbohydrate intake to carbohydrate taste sensitivity, including individual amylase activity, is warranted.
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